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Abstract 

The membrane-bound complex of the Salmonella typhimurium periplasmic histidine 
permease, a member of the ABC transporters (or traffic ATPases) superfamily, is composed 
of two integral membrane proteins, HisQ and HisM, and two copies of an ATP-binding 
subunit, HisP. The complex hydrolyzes ATP upon induction of the activity by the liganded 
soluble receptor, the periplasmic histidine-binding protein, HisJ. Here we take advantage of 
the modular organization of this system to show that the nucleotide-binding component can 
be stripped off the integral membrane components, HisQ and HisM. The complex can be 
reconstituted by using the HisP-depleted membranes containing HisQ and HisM and pure 
soluble HisP. We show that HisP has high affinity for the HisP-depleted complex, HisQM, 
and that two HisP molecules are recruited independently of each other for each HisQM unit. 
The in vitro reassembled complex has entirely normal properties, responding to HisJ and 
ATPase inhibitors with the same characteristics as the original complex and in contrast to 
those of soluble HisP. These results show that HisP is absolutely required for ATP 
hydrolysis, that HisQM cannot hydrolyze ATP, that HisP depends on HisQM to relay the 
inducing signal from the soluble receptor, HisJ, and that HisQM regulates the ATPase 
activity of HisP. We also show that HisP changes conformation upon exposure to 
phospholipids. 

Introduction 

The superfamily of ABC transporters (also called traffic ATPases) includes both prokaryotic 
and eukaryotic proteins (1,2). Its significance in prokaryotes has been recently highlighted 
by the finding that in the completed Escherichia coli genome sequence the largest family of 
paralogous proteins is that of ABC transporters (3). In eukaryotes the superfamily has 
acquired an increasingly growing importance as more and more proteins of medical 
significance are found to belong to it; among many others are the human cystic fibrosis 
transmembrane conductance regulator (CFTR), P-glycoprotein (multidrug resistance protein, 
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or MDR), the heterodimeric transporter associated with antigen processing (Tapl/Tap2), and 
the retina-specific transporter involved in recessive Stargardt macular distrophy (4-7). All 
members of the superfamily have the same overall composition, with two ATP-binding 
domains and two transmembrane domains, all four of which in eukaryotes are usually fused 
into a single (or occasionally two) polypeptide chain(s). Relatively little is known as yet 
about the properties of the individual domains of ABC transporters: Which of the domains 
hydrolyzes ATP? How is ATP hydrolysis regulated? How do the four domains interact with 
each other in the complex? What specific roles are fulfilled through this interaction? Which 
domain is responsible for the specificity of translocation? How is the signal transmitted 
through the membrane? To study these questions it is essential to take apart such a modular 
structure into its building blocks and characterize them. Because the prokaryotic and the 
eukaryotic systems bear a high level of homology, both with respect to the sequence of the 
ATP-binding domains and to the predicted tertiary organization of the entire structure, the 
prokaryotic systems provide an excellent model for studying the mechanism and function of 
these transporters in general. Among several advantages, most important is their modular 
composition allowing the various domains to be separated and characterized. Several 
prokaryotic ABC transporters have been analyzed and provide possible model systems for 
the superfamily; among them, the Salmonella typhimurium histidine permease and the E. 
coli maltose permease are the most notable (8). 

The histidine permease, which is responsible for the high-affinity uptake of histidine in S. 
typhimurium and E. coli, has been characterized extensively by using biochemical, genetic, 
and physiological tools (9-13). The permease includes a membrane-bound complex 
consisting of two integral membrane components, HisQ and HisM, and two copies of an 
ATP-binding component, HisP. Although HisP has a hydrophilic sequence (14), it does not 
behave like a typical peripheral membrane protein, because it is only partly released by urea, 
Triton X- 1 14, and alkaline pH; neither does it behave like a typical integral membrane 
protein because it is partially extracted with the same agents (15). In addition, although HisP 
is accessible on the cytoplasmic aspect of the membrane (16), it is also accessible at the 
periplasmic membrane surface (13), indicating that it penetrates the membrane deeply. Such 
an organization has also been reported for MalK (1 7), KpsT (18), and the isolated ATP- 
binding domain of CFTR (19, 20). ATP hydrolysis, which supplies the energy for transport, 
is strictly dependent on a soluble receptor, the periplasmic substrate-binding protein, HisJ, ' 
which binds histidine with high affinity and stimulates ATP hydrolysis by a complex 
containing HisQ, HisM, and HisP in 1:1:2 proportions (HisQMP 2 ) (12). The ATP-binding 
subunit, HisP, has been produced free of the transmembrane components, purified in soluble 
form, and its ATP-hydrolyzing properties characterized (10). The intact HisQMP 2 complex 

has also been purified and is functional in both ATP hydrolysis and histidine transport (ref. 
21 and unpublished results). 

Here we show that HisP can be separated from HisQ and HisM and reassembled back into 
an active HisQMP 2 complex. The dimeric form of HisP is shown to be the enzymatically 
active form of HisP in the complex, whereas the HisP-depleted complex (HisQM) by itself 
does not hydrolyze ATP. HisQ and HisM are shown to be required to relay the ATPase- 
inducing signal from HisJ and to regulate ATP hydrolysis by HisP, by a combination of 
suppression and stimulation. The availability through genetic screens of individual building 
blocks endowed with specialized properties provides a powerful tool for investigating how 
these components collaborate to form a properly functioning complex. 



MATERIALS AND METHODS 
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. ► Introduction 

: : MATERIALS AND 

1 methods The bacterial strains used in this study are: TA 1889, which is E. coli carrying, in an unc ~ 

► results background, plasmid pFA17 containing the hisQ, hisM, and hisP genes from S. 

► DISCUSSION typhimurium, under the control of the phage X P L promoter (22); TA5093, which is E. coli 
carrying chromosomal deletions uncA702 and hisA700, which eliminates genes his J, hisQ 
hisM, and hisP; and GA298, isogenic with TA1889, but lacking plasmid pFA17. Protein ' 
was assayed by using a modified Lowiy (23). Phospholipids were obtained from Avanti 
Polar Lipids. 
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RESULTS 

Disassembly of HisQMP 2 into HisP and HisQM and in Vitro Reassembly into a 
Functional Complex. Using the histidine permease, the first step in this study has been 
the release of the ATP-binding subunit from the membrane-bound complex and its 
reconstitution into the depleted structure containing only HisQ and HisM. Among various 
agents tried, urea was found to be effective in both removing HisP and not damaging 
permanently the remaining components, such that they would be capable of being 
reconstituted into an active complex. Fig. 1 A shows that 3.6 M urea releases ~5% of the 
HisP present in a preparation of inside-out membrane vesicles (first three lanes), whereas 7 3 
M urea extracts 40% of HisP (last three lanes). These results confirm the notion that the 
association of HisP with HisQ and HisM is tighter than that of a classic peripheral 
membrane protein (15). Fig. 1 B, shows that the addition of 15 mM ATP and 15 mM 
MgS0 4 to urea (6.6 M) allows the extraction of essentially all of HisP, while all of HisQ 

remains in the membrane. 1 " Although several proteins are released, HisP is the dominant one 
(Fig. 1 B, Right). Thus, the presence of ATP/Mg 2+ increases the ability of urea to remove 
HisP from membrane vesicles, yielding a membrane preparation that is essentially free of 
HisP. 



The ability of such a depleted preparation to accept pure HisP and reassemble into a 
functional complex was tested. Soluble HisP (his6) , a HisP protein with a carboxyl-terminal 
extension of eight amino acids (Leu-Glu-His-His-His-His-His-His), was purified from cells 
unable to produce HisQ and HisM (10) (Fig. 2 A, lane 1). It was then added to HisQM 
membranes (lane 3) in the same proportion relative to HisQ as in native membranes (lane 2). 
Essentially all of HisP^^ becomes associated with the sedimentable material (lane 4), with 
only trace amounts remaining in the supernatant (lane 5). Accurate quantitation of the 
untreated and reconstituted samples shows that HisP (his6) is recruited into a complex that 
has essentially the same proportions of HisQ to HisP as the original sample in lane 2. Thus, 
a complex with the correct proportions of all subunits is formed. The possibility that the 
presence of HisP (his6) in the membrane fraction is artifactual, being due to its precipitation 
into sedimentable material, was considered. This is an especially relevant concern because 
soluble HisP^^ is known to be particularly prone to precipitating (10). However, under 
the conditions of this experiment, no HisP is present in the pellet if membrane vesicles are 
absent from the reaction mixture (data not shown). The ability of soluble HisP to associate 
unspecifically with membranes prepared from a strain that lacks all permease components 
(TA5093) was also tested; about half of HisP becomes associated with such a membrane, 
presumably nonspecifically (data not shown). Similarly, about half of HisP^j becomes 
associated with phospholipids liposomes (lanes 6 and 7). These results are not surprising in 
view of the fact that HisP produced in vivo in the absence of HisQ and HisM is partially 
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associated with the membrane Q5). 

An important question is whether the reassociated material is correctly reassembled. Fig. 2 B 
shows the ATPase activity of equal relative volumes of samples displayed in Fig. 2 A. The 
second column shows the intrinsic activity of untreated membrane vesicles (0.17 nmol/min), 
which increases to a rate of 0.99 nmol/min in the presence of liganded HisJ (as expected; see 
ref. 12). HisQM membranes are completely inactive in either the presence or absence of' 
HisJ. In addition, proteoliposomes reconstituted from solubilized HisQM membranes are 
unable to transport (data not shown). Soluble HisP (his6) has a very low ATPase activity 

(0.006 nmol/min), and the presence of HisJ has no effect. * Both the intrinsic and HisJ- 
stimulated ATPase activities of membranes reconstituted with an equivalent amount of 
soluble HisP^j (P+QM) are restored essentially to the same levels (0.15 and 0.89 
nmol/min, respectively) as those of the untreated sample. HisP that was released from the 
complex with urea is active in ATP hydrolysis after the removal of urea by slow dialysis and 
can be reassembled back into HisQM membranes giving a fully active complex (data not 
shown). That HisP specifically requires HisQM for its activity is also shown by the fact that 
HisP associated either with membranes that do not contain HisQ and HisM (from TA5093) 
or with phospholipids, has no ATPase activity, either in the presence or absence of HisJ 
(Fig. 2 B, fifth and sixth columns). Additional evidence that the complex has been 
reassembled correctly is the fact that it transports histidine upon solubilization and 
reconstitution into propteoliposomes (II) (data not shown). In conclusion, not only are the 
relati ve amounts of HisP quantitatively restored upon reassembly, but the ATP-hydrolyzing 
activity, both intrinsic and HisJ-induced, and transport activity are also restored. 

Soluble HisP has several properties different from those of complex-associated HisP (10, 
12). Therefore, in another approach to determine whether the reassembled HisP is "normal" 
in all respects, these properties were tested. Soluble HisP is insensitive to HisJ, while the 
reassembled HisP responds to HisJ in the same way as the untreated complex (as already 
pointed out in Fig. 2 B, first and fourth columns, respectively). Soluble HisP is sensitive to 
/V-ethylmaleimide and resistant to vanadate (Fig. 2 C, hatched bars); this profile of inhibitor 
sensitivity is the opposite of that of the complex (stippled bars). Upon reassembly, the 
inhibitor profile of HisP changes from that of the soluble protein to that of the complex, 
becoming inhibitable by vanadate and insensitive to iV-ethylmaleimide (empty bars). The 
urea extractability of HisP^^ from the reassembled complex is also the same as that of 
HisP in the original complex (data not shown). Thus, upon reassembly, HisP loses the 
characteristic properties of the soluble form and is indistinguishable from HisP that has 
never left the complex. 

The reassembly reaction is fast. All of HisP^ disappears from the soluble fraction within 
3 min of incubation on ice, with concomitant appearance in the complex of the level of 
activity expected for that amount of HisP. The reassembly reaction does not require Mg 2+ or 
glycerol and proceeds in the absence of ATP. Thus, there appears to be no energy 
requirement. The pH and NaCl concentration optima for reassembly are 7.5 and 50 mM, 
respectively; higher concentrations of NaCl inhibit reassembly, indicating that ionic 
interactions may be involved (data not shown). 

Disassembly and reassembly can also be performed by using proteoliposomes reconstituted 
with purified HisQMP 2 , indicating that membrane vesicles do not contain additional 

unknown assembly factors. Proteoliposomes are not routinely used because of poor 
recovery. 
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HisP Molecules Reassemble into the Complex Independently of Each Other, 
but Function as Dimers. It has been shown (12) that the two HisP subunits in the native 
complex display positive cooperativity for ATP, presumably reflecting the presence of a 
dimer. The properties of HisP during reassembly and in the final reassembled complex were 
analyzed in this respect. The affinity of HisP for HisQM and the number of binding sites 
involved in the reassembly process were determined by varying the concentration of HisP 
(his6) betw een 0 and 600 nM (at which concentrations, at least 99.5% of soluble HisP would 
be monomeric), while the HisQM concentration was maintained constant (determined to be 
140 nM). Fig. 3 A shows that the amount of HisP^^ bound increases linearly (up to 200 
nM HisP); there is no indication of cooperativity. Thus, it appears that monomeric HisP 
molecules are recruited independently of each other. Membranes from strain GA298 which 
is isogenic with TA1889, but lacks plasmid pFA17 and thus does not overproduce HisQ 
HisM, or HisP, were used as control. Fig. 3 A shows that HisP can be bound nonspecifically 
without reachmg saturation. The amount of HisP^ bound specifically (after correcting ' 
for nonspecific binding by GA298 membranes) reaches saturation when its concentration 
equals 2-fold the concentration of HisQM. If there were an equilibrium between association 
and dissociation of HisP^ and HisQM, a Scatchard plot analysis of these data would 
yield a K d value. Because an equilibrium has not been demonstrated, the value obtained 
from the Scatchard plot is referred to as "apparent K & " Such an analysis (Fig. 3 B) shows 
that HisP has a high affinity for HisQM (apparent K d 10 nM) and that there are two HisP- 
binding sites for each HisQM molecule (n = 2). This is in agreement with the previously 
established stoichiometry of the native HisQMP 2 complex (15) . The presence of ATP (0-15 
mM), Pj (0-50 mM), or glycerol (0-4%) during the reassembly reaction does not affect the 
affinity of HisP for HisQM (data not shown). 

The emergence of ATPase activity in the complex as it is being reassembled with varying 
amounts of HisP and a constant amount of HisQM membranes was also measured. Because 
it appears that HisP molecules enter the complex independently of each other, two species, 
HisQMPj and HisQMP 2 , would be formed in a continuously changing ratio, as dictated 
statistically by the varying proportions of HisP versus HisQM. If HisQMPj were capable of 
hydrolyzing ATP, the initial appearance of reconstituted activity should be linearly 
correlated to the concentration of HisP. Fig. 4 A shows that the ATPase activity is 
sigmoidally dependent on the concentration of HisP (0-12 uM soluble HisP (his6) added to 3 
uM HisQM), being strongly cooperative, both in the presence (•) and in the absence (o; see 
also Inset) of HisJ, with a Hill coefficient of 2. This result suggests that if the HisQMPj 
form exists, it has no, or relatively little, ATPase activity and that HisQMP 2 is the 
enzymatically active form. In agreement with this notion is the finding that a saturation 
point is reached when the molarity of HisP is twice that of HisQM (6 and 3 uM, 
respectively), which agrees with the number of binding sites in HisQM being 2, as 
previously determined (Fig. 3) and as expected from the known stoichiometry of the native 
complex. 

The notion that HisQMP, has no or poor activity is corroborated by reassembly experiments 
in which the concentration of HisQM is varied (between 0 and 12 uM), keeping the amount 
of HisP (hig6) constant (6 uM). The corresponding ATPase activity (in the presence of HisJ) 
increases linearly until it reaches a maximum at 3 uM HisQM (Fig. 4 B, ■) at which point, 
the concentration of HisQM relative" to that of HisP is 1:2 and corresponds to the calculated 
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amount of HisQM capable of binding all of the HisP present (as determined in Fig. 3 B). 
After this point the activity decreases. The decrease is not due to residual urea or other 
unknown contaminating inhibitor(s) because it persists after the membranes are washed 
(data not shown). A likely explanation is that as HisP becomes limiting, excess HisQM 
increases the probability of HisQMP, formation at the expense of HisQMP 2 . This result 
supports the notion that HisQMP, is inactive. The level of the emerging ATPase activity 
matches the expected level as predicted from the probability of HisQMP 2 formation. For 
example, at 6 uM each HisQM and HisP, the probability of forming HisQMP 2 is 50%, 
which fits the observed ATPase activity of 1.5 nmol/min (50% of maximum). The same 
result is obtained in the absence of HisJ (Fig. 4 B, □; see also Inset). In conclusion, the 
results in Figs. 3 and 4 A, combined with those in Fig. 4 B indicate that HisP molecules are 
recruited individually, that the HisQMP j form has no or little ATPase activity, and that 
HisQMP 2 is the active form. 

The reassembled HisQMP 2 , in which HisP has presumably assumed the dimeric form, has 
an intrinsic ATPase activity higher than that of equivalent amounts of soluble HisP. For 
example, soluble HisP at a concentration of 6 uM, 5% of which is calculated to be in the 
dimeric form, has an activity of 0.05 nmol/min, while the same amount recruited into a 
correctly proportioned HisQMP 2 complex has an activity of 0.17 nmol/min (Fig. 4 A). This 
result indicates that HisQ and/or HisM have a stimulatory function and may act by forcing 
the dimerization of HisP into the HisQMP 2 complex. However, if all of HisP were a dimer 
in the soluble form, it is calculated to have an activity of 1 nmol/min, which is considerably 
higher than 0.17, suggesting that either HisQ and/or HisM have a suppressing function or 
that the activation is incomplete. 

The Conformation of HisP Changes upon Interaction with 
Phospholipids. Soluble HisP^^ binds avidly to phospholipids: maximally three 
molecules of HisP^^j bind to 1,000 molecules of phospholipids. The possibility that this 
binding might affect the conformation of HisP was considered. The single tryptophan 
residue (Trp-105) present in each HisP molecule can be used as a convenient probe for 
analyzing conformational changes. The fluorescence emission spectrum of soluble HisP has 
a maximum at 348 nm (Fig. 5) (10), indicating that Trp-105 is in a polar environment. In the 
presence of 0.4 mg/ml of phospholipid liposomes, the fluorescence maximum shifts to 337 
nm (Fig. 5). This indicates that HisP undergoes a significant conformational change and 
suggests that, in so doing, the molecular environment of Trp-105 becomes more 
hydrophobic. Such an interaction might be involved in the process of reassembly, in vivo 
and/or in vitro because Trp-105 is located in the so-called helical domain, which has been 
hypothesized to be involved in the interaction of HisP with HisQ and HisM (25) and the 
interaction of MalK with MalG and MalF in the maltose permease (26). Because the 
association of HisP with phospholipids is unproductive (Fig. 2 B), it must reflect a very 
different organization than that in the native form or in the one reassembled in the presence 
of HisQM. 
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DISCUSSION 

Using the histidine permease as a model system for ABC transporters, we have shown that it 
is possible to disassemble and reassemble the membrane-bound complex. It is likely that 
modularity of structure and function is an integral property of all members of this 
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superfamily of transporters, even for those eukaryotic members with the individual domains 
fused into a single polypeptide. This opens numerous opportunities for studying their 
mechanism of action involving the interaction between the integral membrane and the ATP- 
hydrolyzing domains, especially by using complementation experiments with properly 
designed mutants and in vitro chemical modifications. 

We show that the nucleotide-binding domain of the histidine permease is released as an 
undamaged soluble protein capable of hydrolyzing ATP and of being reassembled with the 
remaining urea-treated hydrophobic components into a normally functioning complex, 
indicating that the urea treatment is gentle with respect to all parts of the complex. Because 
HisP has a very high affinity for HisQM, but also a relatively high affinity for 
phospholipids, the process of reassembly might involve an early interaction between HisP 
and phospholipids followed by a two-dimensional movement of HisP in the lipid bilayer in 
search of the hydrophobic proteins, HisQ and HisM. Because HisP is hydrophilic ( .14) and 
spans the membrane (13), HisQ and HisM must engulf it forming a protective shell around 
it. Soluble HisP is inhibited by phospholipids (10); therefore it is likely that such a shell 
screens it also from this inhibition. It is possible that a regulated exposure of HisP to 
phospholipids in vivo provides one of the means of controlling its activity. 

The disassembly of the complex has allowed the assignment of specific functions to the 
individual domains. Although isolated HisP hydrolyzes ATP (10), and similar results have 
been obtained in other systems (27, 28), it has never been possible to determine directly 
whether the hydrophobic components are also able to hydrolyze ATP. This is a particularly 
relevant question because it is known that HisQ binds ATP (ref. 22; V. Shyamala and G.F.- 
L.A., unpublished data). By separating HisP from the hydrophobic components, we show 
here that HisQ and HisM have no ATPase activity, and thus, that their function must be 
structural and/or regulatory. One regulatory function is that of acting as intermediates in the 
signaling mechanism because HisP responds to signaling by HisJ only when complexed 
with HisQ and HisM. Another regulatory function appears to be the control of the rate of 
hydrolysis of ATP, as demonstrated by the ability of HisQM to raise the activity of the 
isolated, soluble HisP. This is clearly shown, for example, in Fig. 4 in which the ATPase 
activity of HisP (6 uM) is increased 3-fold (from 0.05 to 0. 17 nmol/min) when HisQM (3 
uM) is present and 60-fold (to 3 nmol/min) when HisJ is also present. 

What is a likely scenario for this reactivation process? Because soluble HisP at low 
concentration contains little active dimer (10) and because the monomers are recruited 
individually into the complex (Fig. 3_), they must be subsequently reorganized to form a 
dimer and be activated. 5 Thus, it is reasonable to postulate that the activation of HisP is due 
to a combination of (i), the two high-affinity HisP-binding sites present in each HisQM 
complex, which allow the efficient scavenging of HisP out of solution or from the lipidic 
phase; (//), the subsequent coercion of HisP to assemble as a dimer within the functional 
complex, HisQMP 2 ; and (Hi), some form of activation by HisQM. The conclusion that 
HisQM activates HisP does not conflict with previous evidence that HisQM suppresses the 
ATPase activity of HisP in the complex (12). The soluble dimeric form of HisP has a 
turnover rate of 2 s -1 (10), which is higher than that of the equivalent amount of dimeric 
complex-bound HisP in the absence of HisJ (intrinsic activity, 0.5 s -1 ), but still lower than 
that of the fully induced complex in the presence of liganded HisJ (8 s" 1 ) (12). Therefore, it 
appears that the hydrolytic activity of HisP in the complex is constrained by HisQM from 
needlessly pursuing a rampant hydrolysis. In conclusion, although HisQ and HisM do not 
participate directly in ATP hydrolysis, they have an important role in regulating the activity 
of HisP, through an equilibrium between the competing forces of stimulation and repression. 
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How could the two HisP molecules coordinate their activity within the complex? That the 
active form of reassembled HisP is a dimer involving physical contact between the two 
subunits is in agreement with the evidence previously presented that both in native 
HisQMP 2 (12) and in the soluble form (10), dimeric HisP is the active species. In addition, 
chemical cross-linking between two HisP molecules has been observed (K. Nikaido and 
G.F.-L.A., unpublished observations). Dimeric HisP appears to be the active form also in the 
absence of HisJ (Fig. 4), indicating that the dimer is the basic functional ATP-hydrolizing 
unit under all conditions. It cannot be completely excluded that HisQ and HisM control the 
activity of HisP by holding it in a conformation that does not involve physical contact 
between the two molecules. The positive cooperativity displayed by HisQMP 2 suggests that 
the two HisP subunits are different (12). It is possible that they are organized differently via 
the interaction with the hydrophobic components, and that one is catalytic while the other 
one is exclusively involved in signaling. Alternatively, the model proposed for MDR, the 
multidrug resistance protein, in which both nucleotide-binding sites hydrolyze ATP, but do 
so alternately (29), and for the maltose permease (30), in which both ATP-binding subunits 
have to be intact for ATP hydrolysis, might also apply to the histidine permease. 

The ease of reassembly of HisP into HisQM membranes suggests that its in vivo assembly in 
the complex is not, or need not be, cotranslational. Presumably HisQM and HisP undergo a 
refolding process as they reassemble into an active complex. In addition, a comparison can 
be made with SecA, a membrane-associated translocation ATPase, that spans the membrane 
£3 1) and undergoes an ATP-driven cycle of membrane insertion and deinsertion (32). 
Possibly HisP undergoes a similar cycle in connection with its transport function. 
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ABBREVIATIONS 

HisQMP 2 , complex containing HisQ, HisM, and HisP in 1:1:2 proportions; HisQM 
membranes, HisP-depleted membranes containing HisQ and HisM; HisQM, HisP-depleted 
complex; HisP (his6) , HisP protein with a carboxyl-terminal extension of eight amino acids: 
Leu-Glu-His-His-His-His-His-His. 



Footnotes 



T Because of the high level of sequence similarity between HisQ and HisM (24), they are 
expected to behave similarly also with regard to extraction. HisM is not routinely tested 
because the available anti-HisM antibody is of low titer. v 

* Only the dimer form of soluble HisP is active. Its formation is dependent on concentration; 
at the HisP concentration used in Fig. 2 (90 ug/ml) 97.3% is calculated to be in the inactive 
monomer form (10). 
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§ It should be noted that it cannot be excluded that small amounts of dimeric HisP also enter 
the complex directly. 
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Figure 1. Disassembly of HisQMP, 




Figure 2. Reassembly of HisP with HisQM. 
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Figure 3. Scatchard plot for reassembly. 



Figure 4. Dependence of ATPase activity on HisQM and HisP concentrations. 
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Figure 5. HisP interacts with phospholipids and changes conformation. 



Write to PMC | PMC Home | PubMed 
NCBI | U.S. National Library of Medicine 
NIH | Department of Health and Human Services 
Privacy Policy | Disclaimer | Freedom of Information Act 



p://ww.pubmedcentral.nih.gov/articlerender.fcgi?artid=19864 



3/18/2005 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 
Gtblack borders 

□ image cut off at top, bottom or sides 

□ faded text or drawing 
□^blurred or illegible text or drawing 

/ • 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ; ■ 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



